We are planning to have a "formation flight all sky telescope" (FFAST) that will cover a large fraction of the whole sky area in relatively high energy X-ray. In particular, it will focus on the energy range above 10 keV. It consists of two small satellites that will go in a formation flight. One is the X-ray telescope satellite and the other is the detector satellite. Two satellites will be simultaneously launched by a single rocket vehicle into a low earth orbit. They are in a formation flight with a separation of 20 m 10 cm. The observation direction is determined by the two satellites. Since two satellites are put into the Keplerian orbit, the observation direction is scanning the sky rather than pointing to a fixed direction. One satellite carries an X-ray telescope covering the energy range up to 80 keV. The telescope is a "super-mirror" that has a multi-layer coating to collect X-rays up to 80 keV. The other is a detector satellite that carries an SDCCD system. The SDCCD consists of a fully depleted CCD and a scintillator so that we can obtain the image up to 80 keV.
Introduction
X-ray satellites so far employ a focusing system, ASCA(1993), Chandra(1999), Newton(1999) , Swift(2004) , Suzaku(2005) , to perform observation below 10 keV (soft X-ray region). This is mainly limited by the technology. Thermal components in the sky usually dominate the emission below 10 keV. However, ASCA observation clearly detected non-thermal emission from SN1006, a typical shell type supernova remnant (SNR) 1) . The existence of the nonthermal emission in the shell region shows particle acceleration by the interaction between the charged particle and the magnetic field 2) . The multilayer technique expands the effective focusing energy range over 10 keV, which enables us to develop a super mirror having an imaging capability up to 80 keV (hard X-ray region) 3) . Due to the grazing angle of the X-ray reflection, the X-ray telescope usually becomes long, particularly, the super mirror becomes long so that we can have enough effective area. The ASCA had the mirror of a focal length of 3.5 m while the ASTRO-H (2013) mission, planning to have a super mirror with a focal length of 12 m. The longer focal length will have a difficulty to be equipped with a single satellite. Since the satellite body becomes long enough to separate the mirror and the detector, it is quite reasonable to employ a formation flight (FF) technology. The FF reduces the mass of the X-ray satellite with keeping a similar collecting area to a long and massive satellite. If we can employ the FF technology, we can prepare the mission in a relatively short time. Although the FF cannot completely replace a big satellite with two small satellites, we can design the mission such that two small satellites in FF can achieve a good mission. In this paper, we propose to make two satellites in formation flight so that we can cover a large fraction of the whole sky region (Formation Flight All Sky Telescope: FFAST). The previous idea using a formation flight is to observe the fixed point in the sky while our idea is to scan the sky. Our idea is to survey a large fraction of the sky for the first time in the energy range up to 80 keV.
Orbit Design for the Formation Flight for FFAST
The FFAST consists of two satellites: one is the detector satellite and the other is the telescope satellite 4) . These two satellites are put into the circular orbit with an altitude about 500 km. The distance between them is kept constant to be 20 m 10 cm. Since we assume that two satellites are in the Keplerian orbit, there is a very tight constraint on the selection of orbits. We can analyze them by using the Hill's equation. There are two types of formation flight available with keeping the constant separation.
One is the 'along-orbit' and the other is the 'relativecircular-orbit'. In both cases, the formation flight with keeping the constant separation is neutrally stable. Therefore, we need a small thruster system to compensate the external perturbation.
Along-orbit
One of the solutions of the Hill's equation is the along-orbit where two satellites are put into the same circular orbit. The detector satellite is put into the orbit with an inclination about 45 . The telescope satellite is also put into the same orbit with 20 m away. Figure 1 shows the concept of this orbit. The telescope satellite always points its bore sight to the detector satellite while the detector satellite always points its normal of the detector to the telescope satellite. The field of view (FOV) of the FFAST is the tangential direction of the orbit that scans the sky along the large circle of the orbit. The detector satellite compensates the external perturbation by using its small thruster. The detector satellite controls the direction to the mirror satellite. It has also a three-axis stabilizing system. The pointing control accuracies are 1 for pitch and yaw axes while it is 1 arc min for roll axis. The determination accuracies are better by factor of 10 than that of the pointing control. The detector satellite should carry a thruster with which the detector satellite can keep its position at the focal plane of the mirror satellite. Both satellites are in Keplerian orbit and the formation flight is in neutrally stable.
We have to compensate errors due to the non-Newtonian forces such as light pressure, air-drag etc.
The FOV is determined by the tangent of the orbit. If we modify the orbital planes of two satellites slightly different to each other, we can set the telescope satellite oscillating around the neutrally stable position. With taking into account the depth of the focal plane, the oscillation angle around 15 is acceptable to get good image. In this case, the FOV can oscillate around the tangent of the orbit. Furthermore, the FFAST is put into the low earth orbit (LEO). Then, the orbit will slowly preces. If the inclination is 45 , the precession period will be around one month. Therefore, the FOV along the orbit will also presses in the sky so that we can cover a relatively large area. Figure 2 shows the relative exposure map in the sky. Although the polar regions can not be accessed, we can cover the relatively a large fraction of the sky. The accessible area in the sky strongly depends on the inclination of the orbit. The higher inclination angle is, the wider sky region is accessible. Therefore, it is inevitable to get into the South Atlantic Anomaly (SAA) that reduces the effective observation time and increases the radiation damage on the detector. 
Relative-circular-orbit
The other solution of the Hill's equation is the relative-circular-orbit where the first satellite is in a circular orbit while the second satellite is in a slightly ellipsoidal orbit. They have the same length of the semi-major axes. The orbital planes are not in the same plane so that two satellites are kept in a constant distance of 20 m. Figure 3 shows how two orbits are seen. The solid circle shows the orbit of the telescope satellite while the dashed one, a slightly ellipsoidal orbit, shows that of the detector satellite.
Since the semi-major axes of these two orbits are equal to each other, the orbital periods of the two satellites are the same. The orbital plane of the ellipsoidal orbit is slightly away from that of the circular orbit so that the distance between two satellites is kept constant.
The FOV determined by the two satellites are concentrated in the left hand direction in Figure 3 . The actual FOV moves in a relatively narrow region in the sky. The scan path forms an 8-shape figure. The 8-shape figure consists of two round paths. Each extends a region of 60 20 . We see that a major part of one of the two round paths is earth occulted. Figure 4 shows an example of the scan path. The red dotted circle indicates the orbit of the FFAST.
We can select the cross-point of the 8-shape at any point on the orbit. We also select which round path is earth occulted. Therefore, we can access at any sky region with the exception of the polar regions of the orbit. The relative-circular-orbit confines the FOV into narrow region while this region can be easily selected in the sky so that we can cover the interesting region in almost any orbit. It is important to comment that we can cover the interesting region even if we are in the equatorial orbit. Therefore, the relative-circular-orbit is very useful from two points of view. One is that we can select a small inclination orbit that usually reduces the background. The other is that we can always concentrate on the region of about 60 square to improve the detection limit by longer exposure time. The disadvantage of this orbit is that the FOV meets the earth occultation about 1/3 of the orbital period. There are some other weak points. One of them is that the scan direction is not so simple to that in the along-orbit. This may be a slight problem in the designing of the detector system. In the relative-circular-orbit, we can select a small region as the target region where we can intensively observe. Figure 5 shows an example of the exposure map so that we can select the Galactic Center as the target region. The effective scan area is about 1/10 of the entire sky, which surely improves the detection limit. We can almost freely select the sky region where we will intensively observe. 
General Concept of the Detector Satellite

SDCCD: newly developed X-ray detectors for FFAST
In FFAST, we will employ the SDCCD 5) . Fig.7 shows a schematic view of the SDCCD. The CCD itself is a fully depleted chip. The gate side of the surface is an X-ray entrance. The scintillator (CsI) plate with a thickness of about 300 m is directly attached to the back-side of the CCD where there is no gate structure so that the visible lights produced in the scintillator can be detected with high efficiency. The scintillator will be needle-type structure in order to confine the spread of the visible lights. The soft X-rays will be detected in the depletion layer of the CCD. The charge spread is several m, depending on the X-ray energy. The hard X-rays penetrating the CCD reach the scintillators. They will be converted into the visible lights that are detected by the CCD with high efficiency. The spread of the visible light is much bigger than that of the soft X-rays detected in the X-ray CCD Scintillator
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Trans. JSASS Aerospace Tech. Japan Vol. 8, No. ists27 (2010) To_4_10 CCD. We can easily distinguish events detected in the depletion layer from those detected in the scintillator by looking at the charge spread size. Therefore, we can properly convert the signal output into the incident X-ray energy. Fig.7 shows the detection efficiency of the SDCCD. The red line corresponds to the detection efficiency of the scintillator while the blue line corresponds to that of the depletion layer. Since we can understand that the blue line represents the detection efficiency of the conventional CCD, we can find that the SDCCD expands the detection efficiency up to 100 keV. The thicker scintillator will reduce the position resolution. The biggest advantage of the SDCCD is its high spatial resolution as well as its high detection efficiency at hard X-ray region. When we use the CCD in the pointing observation, we usually function it as a frame transfer type CCD that should have both the storage area and the imaging area. In the FFAST, however, we will perform the scanning observation. In this case, we can control the satellite so that the column of the CCD is parallel to the scanning direction. This enables us to function the CCD as a full frame mode. Therefore, the CCD can function in a full frame mode. Based on the scanning observation, the star image runs on the CCD around 2 cm s 1 that can be easily compensated by the charge transfer on the CCD. Figure 8 shows the SDCCD in our laboratory that is 3cm 6cm 6) . It is a three-side buttable chip so that we can expand the effective area. Figure 9 shows a schematic view of the focal plane of the FFAST in which we will employ 3 CCD chips. We can cover the FOV of 10' 15' that is enough to fully cover the effective FOV in the high energy X-ray band. The CCD is working at -90 C. We will employ a mechanical cooler that is almost identical to that developed for the ASTRO-H CCD and that employed in the Suzaku satellite 7) . Since the cooling power of the mechanical cooler is so powerful, we can control the satellite attitude not by the thermal environment but by the observation requirement.
Design of the detector satellite
The block diagram of the detector satellite is shown in Figure 10 . There is a reaction control system (RCS) that can control the satellite orbit so that it flies about 20 m 10 cm away from the telescope satellite. Since two satellites of the FFAST are in the Keplerian orbit, the RCS only compensates the non-gravity perturbation. Therefore, we expect that the fuel economy is very efficient. The attitude control will be done by the reaction wheel so that the charge transfer direction is parallel to the image motion on the detector. We think that we can supply enough power by employing one-axis movable solar paddle. The current weight is 238 kg including 10 kg of liquid fuel for the RCS. 
General Concept of the Telescope Satellite
Super mirror employing the multi-layer coating
The super mirror is a multi-layer coated on the mirror surface so that we can expand the effective energy range. Figure 11 shows the super mirror that is employed in the balloon experiment, SUMIT in 2006.
We are also developing the super mirror for the ASTRO-H mission in which two super mirrors will be employed. In the FFAST, we will employ the super mirror that is mechanically identical to that employed in ASTRO-H. Since we will have a longer focal length of 20m than that of ASTRO-H (12 m), the effective area of the FFAST will exceed that of ASTRO-H at high energy. Figure 12 shows the effective area of the FFAST in red line. Other colors indicate various telescopes onboard satellites. We can easily see the high performance of the super mirror. We can find that the effective area of the super mirror shown in Figure 12 matches well with the detection efficiency of the SDCCD shown in Fig.7 . In the FFAST, the image quality is limited by the mass limit. Even if we can employ the optics with high spatial resolution, the SDCCD will function properly that can never be done by other detectors.
Design of the telescope satellite
The block diagram of the telescope satellite is shown in Fig.13 . The telescope satellite has no RCS. The attitude control will be done by the reaction wheel so that the bore sight always points to the detector satellite. Since the super mirror is now designed to be 93 kg, the telescope satellite is about 250 kg. This is required to reduce by 20%. The telescope satellite will require much less data production than that of the detector satellite. 
Performance of FFAST
The effective area of the super mirror on the FFAST is shown in Figure 12 as a function of incident X-ray energy. With taking into account the detection efficiency of the SDCCD, we find that we can detect 200 photons s -1 (above 10 keV) and 2700 photons s -1 (below 10 keV) from 1 Crab intensity source. Since we have a severe mass limit on the super mirror, the expected image quality is about 1' that corresponds to 6 mm on the CCD. There are many CCD pixels in it so that we have no pile-up problem for several Crab intensity source.
The FOV of the FFAST is about 1/30 square degree. If we select the relative-circular-orbit, we can select the observation region of 3000 square degree. This region can be almost selected anywhere in the sky. The effective observation time depends on the inclination of the orbit: how much fraction of the time is blocked by the South Atlantic Anomaly (SAA) passage. In the relative-circular-orbit, we can select the inclination of the orbit around 0 so that we can avoid entering into the SAA. Even in this case, we will have the earth occultation at each orbit. Therefore, we can estimate that any point in the observation region can be observed about 180 sec year -1 . In this way, we find that we can detect 36 photons year -1 (above 10 keV) and 500 photons year -1 (below 10 keV) from 1 mCrab intensity source. The detection limit above 10 keV is a few tenth of mCrab, depending on the observation plan. If we have to take the along-orbit, the observation region strongly depends on the inclination. The effective observation region by the relative-circular-orbit is larger than that by the along-orbit with an inclination greater than 5 . If the inclination is about 45 , the effective observation region by the along-orbit is about 10 times larger, resulting the increase of the detection limit. From the practical point of view, the relative-circular-orbit will improve the detection limit with a sacrifice of the observation region. Figure 14 shows two satellites in orbit configuration. Both satellites will have two solar paddles that are movable along one axis. These two satellites will be launched by using a single solid rocket that is now under development. Two satellites are loaded in a tandem structure as shown in Figure  15 . The total mass of the FFAST is now designed to be 488 kg including the separation mechanism of 30 kg. This is probably within the performance of the new type of rocket while it is strongly required to reduce the mass to 400 kg to fit the standard satellite structure.
Summary
We explain here the FFAST project. The FFAST consists of two small satellites: the telescope satellite and the detector satellite. The telescope satellite will carry one super mirror that can focus X-rays up to 80 keV. The physical dimension is identical to that developed for the ASTRO-H mission. Since the focal length is 20 m that is longer than that of ASTRO-H, we can obtain more effective area at high energy than that of ASTRO-H. The detector satellite will carry 3 CCDs that can cover the FOV of 10' 15'. The SDCCD has high detection efficiency up to 100 keV that matches to the super mirror. The FFAST will be put into almost circular orbit by a new type of solid motor. The orbit is planned to be either in along-orbit or in relative-circular-orbit. Since two satellites are in the Keplerian orbit, it is neutrally stable to keep the formation flight with a constant separation of 20 m. We will employ the RCS that can easily compensate the external perturbation. The observation is in scanning mode so that we can operate the FFAST to be complementary system to the pointing satellites. We are preparing so that we can move to the phase-A of the next small satellite mission in Japan.
